SIGNIFICANCE: Glaucomatous nasal visual field abnormalities correspond to damage in the temporal raphe-where individual nerve bundles can be visualized. The ability to quantify structural abnormality in the raphe, with a clinically applicable protocol, sets the stage for investigating the raphe as a potential site for assessing early glaucoma.
Visual field abnormalities in the nasal visual field correspond to abnormalities in the region of the retinal temporal raphe. The anatomical conformation of the retinal nerve fiber bundles in the temporal raphe explains the characteristic glaucomatous nasal visual field pattern in which the disease appears to respect the horizontal meridian and justifies the use of the glaucoma hemifield test (GHT) index as an indicator of glaucomatous degeneration. [1] [2] [3] [4] [5] [6] An understanding of the structure of the retinal temporal raphe therefore has the potential to enhance our understanding of the glaucomatous disease process and help refine current strategies for investigating the disease.
The raphe offers the unique opportunity to visualize the individual nerve fiber bundles. Additionally, almost all the axons forming the nerve fiber bundles in the raphe are contributed by the ganglion cells in the region, and it may be possible to predict the location of the ganglion cells whose axons are contributing to the nerve fiber bundles. These properties of the nerve fiber bundles in the raphe make the region a probable location where early changes in the nerve fiber layer can be readily recognized. A recent study by Huang et al. using an adaptive scanning laser ophthalmoscope (a laboratory-based equipment) to image the raphe showed that structural nerve fiber bundle abnormalities in the region could be detected even when perimetric abnormalities were only mild. 4 Until recently, imaging the nerve fiber bundles in the raphe region using a clinical device has been challenging. 5 Advances in clinical optical coherence tomography (OCT) imaging now make it possible to image the nerve fiber bundles in the raphe region by using the reflective properties of the nerve fiber bundles relative to the surrounding foot processes of the Muller cells. [3] [4] [5] 7, 8 The reflectance of the nerve fiber layer has substantial contributions from the organization of the microtubules within the axons of individual bundles, and thus contains information about the integrity of the axons as well as the density of the nerve fiber bundles. 9 Axonal degenerative disease processes that disrupt the cytoarchitecture of the microtubules or alter the density of nerve bundles therefore alter the reflectivity of the nerve fiber layer. 10 In this study, we developed an imaging and analysis protocol for analyzing retinal nerve fiber bundle reflectance abnormalities in the region of the temporal raphe, using a clinically available testing device. Given the unique conformation of the temporal raphe, the
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Optom Vis Sci 2018; Vol 95 (4) ability to image and quantify structural abnormalities in the region using a clinically applicable protocol opens the possibility for evaluating the temporal raphe as a site for assessing glaucomatous abnormalities.
METHODS
The experiment was performed in three stages. Stage one: we developed and tested the imaging protocol and analysis technique for investigating the retinal temporal raphe in a group of younger controls. Stage two: we applied the protocol to a group of older controls to generate normative reference values for identifying regions of reflectance abnormality in patients with glaucoma. Stage three: we applied the protocol to a group of patients with glaucoma to identify regions of nerve fiber bundle reflectance abnormalities. We assessed the performance of the imaging and analysis protocol by comparing the reflectance findings to the results from perimetric testing in the patients with glaucoma. The reason for the three stages of the experiment was because the imaging and analysis protocol was novel and there were several analysis choices to be made. We developed the technique in the younger control group before applying it to the older control and patients with glaucoma group (whose data were ultimately used to evaluate the performance of the technique). In this way, we hope to have mitigated the potential of making analysis choices that were specific to our older control and patient cohorts, so that the findings of our study are likely to be reproducible in other cohorts.
Subjects
The younger control group (aged 22-30 years) was recruited from the students at Indiana University (IU) School of Optometry. The older control group (aged 49-75 years) and the patients with glaucoma group (ages 53-81 years) were recruited from subjects who visited the IU Bloomington optometry clinic for eye care services, and participated in previous research projects by our laboratory.
Inclusion and Exclusion Criteria
Inclusion criteria were best-corrected visual acuity of at least 20/40, refractive corrections between +3 and −6 D spherical equivalent and cylindrical correction within ±3.0 D, and clear ocular media. Control subjects had normal results from a comprehensive eye examination (not more than 2 years before the study) that included clinical evaluation of the disc and retinal nerve fiber layer (RNFL). Patients with glaucoma had normal retinal findings with the exception of disc, RNFL, and perimetric abnormalities associated with glaucoma. Perimetric results (from the Humphrey Field Analyzer) were considered as showing glaucomatous abnormality when the total deviation or pattern deviation showed reproducible defects at two or more contiguous points with P < .01, or three or more contiguous points with P < .05, in the presence of clinical glaucomatous optic neuropathy. The exclusion criteria were ocular or systemic disease other than glaucoma currently affecting visual function, and epiretinal membranes. Further details on the inclusion and exclusion criteria can be found elsewhere.
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Study Protocol
Written informed consent was obtained after explaining the nature and purpose of the study to the participant. The subject's visual acuity and contrast sensitivity were checked, perimetric data were gathered, and then Spectralis OCT volumetric images were acquired. The study followed the tenets of the Declaration of Helsinki and was approved by the Indiana University Institutional Review Board. 
OCT Imaging Protocol
Retinal images were acquired using the Spectralis OCT (Heidelberg Engineering GmbH, Heidelberg, Germany, software versions 5.7.5 and 6.4.7). Two images were acquired per eye in high-speed mode (with 11-μm spacing between A-scans). The first image (termed "preliminary image") was a 20°by 25°horizontal rectangular box with 30 μm spacing between B-scans (Fig. 1A) . The second image termed "refined image" was a 15°by 23°rect-angular box with 11 μm spacing between B-scans (Fig. 1B) . In the refined images, the rectangular box was customized for each individual based on the observed angle of the raphe estimated from the preliminary image (Fig. 1) . This was to mitigate the impact of the between-subject variability of the angle of raphe on the analysis technique (Fig. 2) . The raphe angle was defined as the angle between a horizontal line through the foveal reflex and a straight line from the foveal reflex to the point where the fibers in the triangular region 2,3 of the temporal raphe first appear to meet (Fig. 2) . In patients with glaucoma in whom the fibers in the triangular region of the raphe were not visible, the OCT box was rotated 2°upwards (the average raphe angle reported in the literature 3 ) with reference to a horizontal dividing line through the fovea. One trained ophthalmic technician acquired all the images.
Depending on the speed of image acquisition, one or both eyes were imaged in the controls. When only one eye was imaged, it was automatically selected for further analyses. However, when images from both eyes were acquired, the images from the left and right eyes were selected in an alternating manner for further analysis. In the patients with glaucoma, only the eye studied by our laboratory in previous studies was imaged and analyzed. In the absence of any comorbid factors, our laboratory selects the eye with the worse glaucomatous defect as the study eye.
Extracting OCT Enface Images
Eight-micron-thick enface images were extracted from the OCT volume scans. The enface images were sampled axially from 14 to 22 μm below the inner limiting membrane. From a preliminary survey, we determined that sampling at this depth yielded enface images that allowed adequate visualization of the nerve fiber bundle reflectance with minimal interruption from putative glial alteration reflections. 12 On the enface images from two older controls and two patients with glaucoma, however, there were still appreciable amounts of putative glial alteration reflectances (obscuring the nerve fiber bundle reflectance) even at the 14-22 μm depth at which the enface images were sampled. These four subjects were excluded from the study.
The enface images were processed to compensate for variations in amount of light reaching the retina, such as low-signal B-scans appearing as dark stripes or shadows from floaters, using an attenuation coefficient technique proposed elsewhere. 13, 14 In brief, the technique assumes that light attenuation is due to light scattering rather than absorption, and that the amount of light reflected back to the detector is proportional to the amount of light scattered. Hence, the attenuation coefficient at a given depth in the retina is assumed to be proportional to the reflectance at that depth.
Quantifying the Retinal Nerve Fiber Bundle Reflectance
A thresholding technique was used to separate the probable nerve fiber bundles from the non-fiber component (Fig. 3) . The approach used in this analysis transforms the pixel values to zero in regions of the image where the pixel values are lower than the threshold but maintains pixel values greater than the threshold.
In each image, the value used for the thresholding was computed as the average pixel brightness value below the retinal nerve fiber layer in a zone (250 by 150 pixels) approximating the triangular region 2,3 of the raphe, at 36 μm depth from the inner limiting membrane. The size of this region was large enough that the mean pixel brightness computed from the region was not artifactually high due to the contribution of highly reflective blood vessels but still small enough to approximate the triangular region of the raphe.
A grid of 1°by 1°boxes was superimposed on the threshold images. For any given image, the grid began at the foveal reflex (delineated by BSA across all subjects) and the 1°by 1°grid boxes were added vertically and horizontally until the boundary of the image was reached. Approximately 14 by 22 grid boxes covered the retinal region imaged in each subject. The pixel values within each box were averaged and scaled to a fraction index by dividing the average by the highest pixel value possible-255 in our case. The 1°b y 1°grid boxes were small enough to detect wedge-shaped reflectance abnormalities and big enough not to be notably impacted by small caliber vasculature.
A lower normative reflectance reference value for each grid box (representing a specific retinal location) was computed at the 5th percentile from the reflectance findings obtained from the older controls. Nerve fiber bundle reflectance abnormalities were identified in the patients with glaucoma when the reflectance at a region on the enface image was below the lower normative reference value. 
Perimetric Testing
To assess the performance of the imaging and analysis protocol, we compared the nerve fiber bundle reflectance findings in the patients with glaucoma to perimetric sensitivity findings. Humphrey Matrix (Model 800; Carl Zeiss Meditec, Inc.) perimetric testing was performed in the patients with glaucoma using the 24-2 testing protocol, with a 5°by 5°square sinusoidal grating.
We chose the Matrix stimulus over the Goldmann size III (G-III) stimulus because its size and shape allowed a more compatible comparison with the analysis approach adapted for the reflectance technique. For instance, due to the potential effects of microsaccades and cyclorotation during testing, there is likely a greater spatial correspondence in matching the 25 deg 2 area tested by the Matrix stimulus to a 25 deg 2 area on the enface image than matching a 0.15 deg 2 area tested by the G-III stimulus to 0.15 deg 2 area on the enface images. Furthermore, the square-shaped nature of the Matrix stimulus improved our ability to spatially match the reflectance findings with the perimetric findings, given that the sampling of our structural analysis was 1°by 1°square grid boxes.
Visual field testing results were regarded as reliable when falsepositive, false-negative, and fixation errors were less than 20%, 16%, and 20%, respectively. 15 
Analysis
We initially assessed the impact of aging on the reflectance of the nerve fiber bundles. Because each subject's enface image was covered by approximately 14 by 22 grid boxes (with each grid box representing the reflectance at a particular retinal location), we summarized the control groups' data by computing the median reflectance at each grid-box location across the subjects in the control group under consideration. We also computed the variance in similar manner.
We assessed the effect of aging using two analyses. In one analysis, we used a t-statistic to compare the median reflectances in the younger and older controls. In addition, at each grid-box location, we computed the difference between the median reflectance findings (4) for the younger and older controls. In step two, we used a t-statistic to compare the mean of variance findings in the younger controls to the older controls. We hypothesized that if aging substantially affects the nerve fiber bundle reflectance, then the mean of the variances in the younger controls should be smaller than that of the older controls given the more homogenous age range of the younger controls. We also computed the difference (at each grid-box location) between the variance of reflectance findings for the younger and older controls.
We assessed the performance of the reflectance technique by comparing its findings to the findings from perimetric testing in the patients with glaucoma. In a first analysis, we compared the total deviation (TD) at the perimetric testing locations to the fraction of corresponding enface locations showing reflectance abnormality. The retinal region tested by the imaging and analysis protocol approximately corresponded to six perimetric testing locations on the 24-2 perimetric protocol. In a second analysis, we compared the mean deviation (MD) of perimetric testing to the fraction of the entire enface image showing reflectance abnormality (at P < .05). The strengths of the relations were quantified using Spearman's rho.
RESULTS
The signal strengths of OCT enface images analyzed were similar for all three groups (Table 1) . Contour plots for the reflectance findings of the younger and older controls groups were similar (Fig. 4) , and a t-statistic comparing the median reflectance findings for the two groups found slightly lower values (Fig. 5A) for the older group t(614) = −1.72, P = 0.04, Cohen's d = 0.14. The plot in Fig. 5B shows the difference between the variance of the reflectance findings for the younger controls and the older controls. The median of the difference was zero and a t-statistic comparing the variances between the two groups found the variances to be similar-t(614) = 0.30, P = 0.38. An example of the reflectance findings in a patient with glaucoma that had good agreement with the perimetric finding is shown in Fig. 6. Fig. 7 shows the relation between the perimetric total deviation at the individual perimetric locations and the fraction of the corresponding enface area, which showed reflectance abnormality, for the patients with glaucoma. Spearman's rho found a strong relation between the two findings-r s (174) = −0.72, P < .001. Fig. 8 shows agreement between the perimetric mean deviation and the fraction of the entire enface area studied showing reflectance abnormality. A Spearman's rho found a strong relation between the two measures r s (29) = −0.71, P < .001.
DISCUSSION
In this study, we describe a clinically applicable imaging and analysis protocol for identifying retinal nerve fiber bundle abnormalities in the region of the temporal raphe using the reflectance properties of the nerve fiber bundles. We evaluated the performance of the reflectance technique by comparing the nerve fiber bundle reflectance findings to Matrix perimetric findings and found a generally good agreement. In the patients with glaucoma, in almost all the perimetric locations where perimetric sensitivity was abnormal, the reflectance finding in the region was abnormal. However, it was not uncommon to find locations of substantial reflectance abnormality with mild to no perimetric abnormality.
The nerve fiber bundle reflectance patterns quantified in controls (Fig. 4) appear consistent with the overall patterns of the nerve fiber bundles. 2, 3, 5 At any given point along the raphe line (y = 0), as the vertical distance from the raphe increases, the reflectance index increases, consistent with the adding-on of new fibers to the nerve fiber bundles as the bundles travel toward the disc. 2 We concluded that the analysis approach captured the reflectance signature of the nerve fiber bundles and has promise for identifying regions of nerve fiber bundle reflectance abnormality in glaucomatous degeneration.
The reflectance findings in the younger controls were slightly higher than in the older controls (Fig. 5A ), but the effect size was small. Consistent with the small aging effect, although the age range of the older controls was more heterogeneous than the age range of the younger controls, the variance of the reflectance findings within the two groups was similar (Fig. 5B) . We deduce that in the absence of significant media opacities, age-adjusted models may not be needed in generating a normative database for analyzing nerve fiber layer reflectance abnormalities in OCT enface imaging.
Generally, there was a strong correlation between the fraction of enface image surface area showing reflectance abnormality and the perimetric findings (Fig. 7) . This finding, together with the rarity of finding perimetric locations with substantial total deviation without a corresponding reflectance abnormality, provides a basis for the use of enface imaging for targeted perimetry. 16 Thus, in the raphe, the chances of finding perimetric abnormality where the reflectance findings are within normative range is likely to be low.
The ability to resolve the individual nerve fiber bundles in the raphe makes it a potential site for evaluating early glaucomatous abnormality. Abnormality in the raphe can be quantified using changes in the overall reflectance of the nerve fibers bundle/layer (such as done in this study), changes in the width of the nerve bundles, or an increase in the potential gap between the superior and inferior raphe fibers reported elsewhere as "raphe gap". 4 These alternative ways of determining abnormality in the raphe make the region a potentially viable location for assessing abnormality when a diffuse nerve fiber bundle abnormality is suspected in a subject who otherwise has no localized wedge or arcuate defects in the peripapillary RNFL enface reflectance profile. 17 As was reported in some previous studies, 3, 5, 18, 19 we also found a noticeable deviation of the raphe from the horizontal midline (Fig. 2) in some subjects. Clinically, this implies that it is possible for glaucomatous defects such as nasal steps to cross the horizontal midline, as the raphe does not always perfectly align with the horizontal midline. 20 For studies investigating the impact of the retinal anatomical features on the trajectories of the nerve fiber bundles, it will be helpful to consider the impact of the raphe angle on the variability of the RNFB trajectories. The effects of cyclorotation may have artifactually impacted the angles shown in Fig. 2 . Nonetheless, these angles provide a sense of the extent to which the raphe can deviate from the horizontal midline, and the variability that could exist between subjects during routine clinical testing.
In its current form, the nerve fiber bundle reflectance quantifying technique proposed in this study has some limitations. For example, the technique does not include a method for differentiating between non-retinal nerve fiber bundle reflectance sources such as putative glial alteration reflectances and retinal nerve fiber bundle reflectance. 21, 22 Further study will be needed to develop methods to mitigate the impact of non-bundle reflecting sources before the method can be widely used. Also, some previous studies have demonstrated FIGURE 8 . Global comparison of perimetric findings and reflectance findings in the patients with glaucoma. Mean deviation (MD) for Matrix perimetric testing plotted against the fraction of the enface image showing reflectance abnormality (at P < .05). The color of the marker indicates the pattern standard deviation (PSD). The short dashes show the 95th percentile of the reflectance abnormality quantified in the controls. The broken line shows the 5th percentile of the perimetric mean deviation estimated from the machine norms.
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Optom Vis Sci 2018; Vol 95 (4) the directional reflectivity property of the nerve fiber bundles. It will be useful to investigate how the directional reflectivity of the nerve fiber bundles affect OCT enface imaging of the temporal raphe. 23 In conclusion, we developed a clinically applicable protocol for quantifying retinal nerve fiber bundle abnormality in the region of the retinal temporal raphe. The ability to quantify structural abnormality in the raphe, where the conformation of the bundles appears suitable for the early detection of glaucoma, opens the possibility of investigating the temporal raphe as a potential site for the early diagnosis of glaucoma.
